We monitored changes in [Ca 2+ ] i during salivary secretion in the rat submandibular gland in live animals using a combination of intravital Ca 2+ imaging with the ultrasensitive Ca 2+ indicator YC- 
INTRODUCTION
Salivary fluid secretion is predominantly regulated by parasympathetic nerves. Acetylcholine, a parasympathetic neurotransmitter, induces a rapid increase in [Ca 2+ ] i in salivary acinar cells through the activation of muscarinic ACh receptors (mAChRs), with subsequent production of inositol 1,4,5-trisphosphate triggering salivary fluid secretion (Ambudkar, 2014; Melvin, Yule, Shuttleworth, & Begenisich, 2005; Petersen & Tepikin, 2008) .
The molecular mechanisms of salivary fluid secretion have been studied extensively using isolated salivary acinar cells (Ambudkar, 2014; Melvin et al., 2005) . Ca 2+ activates apical Cl − channels and basolateral K + channels and induces transepithelial Cl − secretion, generating the osmotic gradient along which water passes across the plasma membrane through aquaporin 5 (transcellular transport) and through tight junction complexes between acinar cells (paracellular c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society transport) (Kawedia et al., 2007; Melvin et al., 2005; Murakami, Murdiastuti, Hosoi, & Hill, 2006) . In addition, uptake of Cl − by the Na + -K + -2Cl − cotransporter (NKCC1) and paired Cl − /HCO 3 − and Na + /H + exchanger in the basolateral membrane is crucial for continuous fluid secretion.
Based on this model, the effects of Ca 2+ responses on salivary fluid secretion have been studied indirectly by monitoring ion channels activities, ion fluxes and cell shrinkage.
Whether these functional indices accurately reflect the rate of salivary secretion has been much debated. Although activation of Cl − channels is crucial for salivary secretion, NKCC1 activity is believed to be rate limiting for this process (Evans et al., 2000) . Although salivary secretion is clearly affected by salivary gland blood flow (Hanna, Brelen, & Edwards, 1999) , the role played by salivary ducts (Nakamoto et al., 2002 ) is less clear. To determine the roles of Ca 2+ responses in these processes, direct monitoring of salivary secretion in live animals
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Chemically synthesized Ca 2+ indicators, such as fura-2 and fluo-3 (Grynkiewicz, Poenie, & Tsien, 1985; Minta, Kao, & Tsien, 1989) , have been used extensively to monitor agonist-induced Ca 2+ responses in isolated salivary acinar cells (Bruce, Shuttleworth, Giovannucci, & Yule, 2002; Foskett & Melvin, 1989; Gray, 1989; Harmer, Smith, & Gallacher, 2005; Nezu et al., 2002; Tojyo, Tanimura, & Matsumoto, 1997 In previous studies, we expressed fluorescent protein-labelled Stim1 after gene transfer via retrograde ductal injection of adenovirus vectors through the orifice of the rat submandibular gland (SMG) (Morita et al., 2011 (Morita et al., , 2013 . We applied this method to express the ultrasensitive GECI YC-Nano50 (Horikawa et al., 2010) and succeeded in monitoring agonist-induced Ca 2+ responses of SMG acinar cells in live animals (Nezu, Morita, Tojyo, Nagai, & Tanimura, 2015) . We also developed a real-time monitoring system for salivary flow rate in the rat SMG using a high-sensitivity fibre-optic pressure sensor (Nezu et al., 2015) .
In the present study, we monitored 
METHODS

Ethical approval
All experimental procedures performed on animals were approved by Grundy (2015) and complies with the Animal Use Ethics
Checklist outlined by Experimental Physiology.
Animals
Male Wistar/ST rats 10-18 weeks old (body weight 390 ± 57.5 g)
were purchased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan) and housed in conventional conditions in a temperature-and 
Intravital Ca 2+ imaging in rat SMGs
Intravital Ca 2+ imaging in rat SMGs was carried out as described previously (Nezu et al., 2015) . Briefly, rats were anaesthetized by injection of rocuronium bromide [1 mg (kg bodyweight) −1 ; Eslax; MSD K. K., Tokyo, Japan], and the rats were artificially ventilated via the tracheal cannula. The end-tidal concentration of CO 2 was determined using a CO 2 monitor (Nihon Kohden Corp., Tokyo, Japan).
To perform Ca 2+ imaging in the SMG, YC-Nano50-expressing SMG was exposed after careful dissection of throat skin in adequate 
Preparation of rat SMG cells
Rats were anaesthetized by inhalation of isoflurane (5%; Pfizer Inc., Tokyo, Japan) and killed by cardiac puncture. The SMG cells were prepared as described previously (Nezu et al., 2015) . Briefly, SMGs were removed, finely minced, and incubated for 20 min at 37 
Estimation of [Ca 2+ ] i in YC-Nano50-expressing SMGs
To calculate [Ca 2+ ] i , the emission ratios (R; Y/C channels) of YCNano50 after the treatment with 10 m ionomycin (R max ) and subsequent incubations with Ca 2+ -free HBSS-H containing 2 mm EGTA (R min ) were monitored. The [Ca 2+ ] i value was calculated using Equation (1):
where
dissociation constant (53 nM for YC-Nano50), and n is the Hill coefficient (2.5 for YC-Nano50) (Horikawa et al., 2010) .
To estimate [Ca 2+ ] i in the SMG in vivo, the value of R max of YCNano50-expressing SMGs was obtained by stimulation with a supramaximal concentration (360 nmol min −1 ) of ACh. The value of R min was calculated from the emission ratio in the resting SMG using Equation (2):
where R rest is the emission ratio in the resting SMG, and E rest (0.284) is the relative change in the ratio at resting [Ca 2+ ] i under the assumption that the resting [Ca 2+ ] i in the SMG is 36.6 nM (Nezu et al., 2015) .
The difference in resting ratio between live animals and isolated SMGs was negligible, and variability was <12%. We also monitored the emission ratios of YC-Nano50 in isolated SMG cells before (R rest ) and after a 5 min incubation with HBSS-H containing 10 M ionomycin 
Real-time monitoring of salivary secretion in rat SMGs
To measure salivary secretion in rat SMGs, a micro-pressure sensor system (FISO fibre-optic pressure sensor; FISO Technologies, Quebec, QC, Canada) was used, as described previously (Nezu et al., 2015) .
A saline-filled salivary catheter was inserted via the intraoral route into the orifice of the submandibular duct of YC-Nano50-expressing SMGs. The salivary catheter was connected to a mineral oil (SigmaAldrich)-filled measurement catheter. Salivary flow-induced changes in pressure (in millimetres of mercury) were recorded with the fibreoptic pressure sensor in the measurement catheter. Salivary secretion (in microlitres per minute) was calculated using Equation (3):
where x is the flow rate, and y is the salivary flow rate measurement pressure obtained from the standard curve, as described previously (Nezu et al., 2015) .
To determine the accuracy of the times of the responses measured using the micro-pressure sensor, time delays were calculated from the time between turning on the pump (pressure onset time) to the time taken to reach a 10% increase in the maximal pressure (response onset time). The time delays of the sensor responses with various flow rates
(1-50 l min −1 ) were calculated to be 8 ± 3.8 s, and there were no significant differences between flow rates.
Statistical analyses
All results are presented as means 
RESULTS
Intravital imaging of ACh-induced Ca 2+ responses in rat SMGs
We monitored the ACh-induced Ca 2+ response in rat SMGs in live animals in real time using YC-Nano50-expressing rats and the intra- 
Simultaneous monitoring of Ca 2+ responses and salivary secretion in rat SMGs
To examine the relationships between Ca 2+ responses and salivary secretion in SMGs in vivo, we monitored ACh-induced changes in [Ca 2+ ] i and salivary flow rate simultaneously in live animals ( Figure 3 ).
As shown in Figure 3a , repetitive infusion of ACh induced similar levels of salivary secretion, associated with a similar increase in [Ca 2+ ] i .
Acetylcholine-induced Ca 2+ responses and salivary flow rate in SMGs were increased in a dose-dependent manner (Figure 3b-d (Table 1) .
Simultaneous monitoring revealed a clear time lag between the
Ca 2+ response and salivary secretion (Figure 3b ). (Table 1) .
DISCUSSION
The present study demonstrated mAChR-mediated Ca 2+ responses during salivary secretion in rat SMGs in live animals using a combination of the ultrasensitive GECI YC-Nano50 and a fibre- ] i at the onset of salivary secretion (SS) and maximal flow rate were calculated from the fluorescence emission ratio (Y/C channel) using the equations described in the Methods. Values are the means ± SD of between four and 14 independent experiments. F I G U R E 4 (a) Differences in the onset time between Ca 2+ responses and salivary secretion in rat SMGs. Rats were stimulated with various doses of ACh, and the time lag was calculated from the duration needed for a 10% increase in the fluorescence emission ratio (Ca 2+ onset time) and salivary flow rate (salivary secretion onset time). To determine the accuracy of the response of the micro-pressure sensor, a time delay of 8 s was used. (b) Acetylecholine-induced increase in Ca 2+ responses at onset of salivary secretion in rat SMGs. The increase in ratio above the resting level (ΔRatio) was measured at the onset time of salivary secretion with various doses of ACh. Values are the means ± SD of between four and 14 independent experiments 1998; Romanenko et al., 2010a; Shintani, Hirono, Sugita, Iwasa, & Shiba, 2008; Sugita, Hirono, & Shiba, 2004; Tanaka, Shiba, Nakamoto, Sugita, & Hirono, 1999 respectively, in a previous report (Fedirko et al., 2006) Cl − channel, and for the activation of the maxi-K (BK) channel, was ∼100 nM (Romanenko, Thompson, & Begenisich, 2010b; Terashima, Picollo, & Accardi, 2013) . It was also reported that the activity of NKCC1 is strongly upregulated by a 300 nM CCh-induced rise in [Ca 2+ ] i (∼75 nM) (Evans & Turner, 1997) . These values are significantly higher than the estimated [Ca 2+ ] i for the half-maximal rate of salivary secretion (61 nM). In the present study, we succeeded in monitoring Ca 2+ responses and salivary secretion simultaneously in live animals.
This experimental system allowed us to examine the roles of Ca 2+ responses in agonist-induced salivary secretion. Moreover, this experimental system could provide direct evidence for understanding medication-induced xerostomia (dry mouth) and for studying new treatments. It is known that >500 medications can cause the salivary glands to induce xerostomia or sialorrhoea (Boyce & Bakheet, 2005; Yuan & Woo, 2015) . Some are thought to affect salivary acinar cells directly to reduce or induce mAChR-mediated Ca 2+ responses, although other factors, such as effects on the central and peripheral nervous system and blood flow, might also affect secretion in vivo (Izumi & Karita, 1994; Mizuta, Karita, & Izumi, 2000; Sato & Ishii, 2015) . Our experimental method will prove useful for examining the effects of compounds known to stimulate or inhibit salivary secretion in vivo.
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